Introduction 44
Conserved Noncoding Elements (CNEs) are a pervasive class of extremely conserved elements 45 that cluster around genes with roles in development and differentiation in Metazoa [1, 2] . While 46 many have been shown to act as long-range developmental enhancers [3, 4] , the source of theirextreme conservation remains unexplained [5, 6] . The need to maintain arrays of CNEs in cis to 48 the genes they regulate has led to their spatial arrangement into clusters termed Genomic 49
Regulatory Blocks (GRBs) [7, 8] . The role of those clusters in genome organisation is suggested 50 by recent findings demonstrating that ancient metazoan clusters of extreme noncoding 51 conservation coincide with topologically associating domains (TADs) [9] . 52 53 Numerous recent studies highlight and seek to elucidate the importance of functional non-54 coding regions, most recently by employing the CRISPR-Cas9 based techniques to locate and 55 dissect elements that affect gene expression and phenotype/disease -associated processes 56 [10] [11] [12] . Prioritizing target loci of interest for interrogating the function of their regulatory context 57 will be one of the major focuses of functional genomic studies, as has been shown in the case 58 of the POU5F1 locus [13] , and of NF1, NF2 and CUL3 genes [14] . CNEs and the regulatory 59 landscapes defined by their clusters serve as excellent candidates for such studies [3, 15, 16] . 60 61 A handful of CNE resources exist, mainly databases, which contain already pre-computed 62 clusters of CNEs. These databases are static and mostly not updated. A summary of these 63 resources is available in the review by Polychronopoulos et al. [6] . To our knowledge, there are 64 only two tools available for the identification of conserved elements: PHAST [17] and 65
CNEFinder [18] . The former relies on multiple sequence alignments and requires extensive 66 computation time to derive "conserved" and "non-conserved" states from a two-state 67 phylogenetic hidden Markov model (phylo-HMM), a space-time probabilistic model that 68 considers both the nucleotide substitution of each base in the genome sequence through 69 evolution and the transition from one base to the next. The latter produces CNEs based on a k-70 mer technique for computing maximal exact matches thus finding CNEs without the requirement 71 of whole-genome alignments or indices. Neither of them comes with a comprehensive, easy-to-72 follow suite of tools tailored to the integrated exploration of CNEs from end-to-end: from 73 identification to quality control and visualisation. Our package couples those processes 74 together, enabling the user to harness the support and wealth of packages available through the 75 common the Bioconductor infrastructure. Our package is specifically designed for efficient 76 identification of CNEs using user-specified thresholds, and it functions equally well across 77 vertebrates, invertebrates or plants. To study the evolutionary dynamics of these elements and 78 their relationship to the genes around which they cluster, it is essential to be able to both 79 produce and explore genome-wide sets of CNEs for a large number of species comparisons in 80 a dedicated workflow, each with multiple length and conservation thresholds. 81
82
The CNEr package aims to detect CNEs and visualise them along the genome under a unified 83 framework. For performance reasons, the implementation of CNE detection and corresponding 84 I/O functions are primarily written as C extensions to R. We have used CNEr to produce sets of 85
CNEs by scanning pairwise whole-genome net alignments with multiple reference species, each 86 with two different window sizes and a range of minimum identity thresholds, available at 87 http://ancora.genereg.net/downloads. In this work, we demonstrate the application of CNEr to 88 the investigation of noncoding conservation between fruit fly Drosophila and tsetse fly Glossina -89 the two species at the evolutionary separation not previously investigated in insects [7] -and 90 between two species of sea urchins. This has enabled us to observe some properties of GRB 91 target genes shared across Metazoa. In a previous study, we showed that more distant 92 comparisons in Diptera (between Drosophila and mosquitoes) failed to identify CNEs [7] . A summary of CNEs detected between Glossina and Drosophila is given in Table 1 .
species, especially at a more stringent threshold. We wanted to find out if the missing and 218 retained CNE clusters differ with respect to the functional categories of the genes they span. In 219 the following analysis, the CNEs that are conserved for more than 70% over 30 bp are 220 considered. 221 222 NC, not counted due to the threshold being too low for close species.
223
The most deeply conserved vertebrate CNEs are usually associated with genes involved in 224 transcriptional regulation or development (trans-dev) functions [19] . Due to high divergence 225 between Drosophila and Glossina, the regions with detectable CNE arrays tend to be of low 226 CNE turnover, i.e. the process of sequence divergence and loss of ancestral CNEs is slow. If 227 the same functional subset of genes is surrounded by low-turnover CNE clusters as in 228 vertebrates, the encompassed genes will more likely be essential key developmental genes [5] . 229
Indeed, Drosophila genes associated with (i.e. nearest to) Glossina vs. Drosophila CNEs are 230 also associated with trans-dev terms (Fig 2A) . Development, including organ, system and tissue 231 development, appears at the majority of the top Gene Ontology (GO) terms. The other highly 232 significant GO terms include biological regulation, regulation of cellular process and cell 233 differentiation. CNE clusters can span regions of tens to hundreds of kilobases around the 234 actual target gene, which is on average shorter than the equivalent spans in vertebrate 235 genomes. This is in agreement with our observation that CNE clusters and the GRBs they 236 define (and, by extension, the underlying TADs) expand and shrink roughly in proportion to 237 genome size [9] . The H15 and mid locus (Fig 3A) is one of the biggest CNE clusters retained 238 between Glossina and Drosophila. The H15 and mid genes encode the T-box family proteins 239 involved in heart development [32] . Although the CNE density between Drosophila and Glossina 240 is much lower than that across the Drosophila genus, it clearly marks the CNE cluster 241 boundaries of this locus, containing 67 CNEs at the 70% identity over 30 bp threshold. For the 242 40 largest retained CNE clusters, we provide a comprehensive list of CNE cluster coordinates, 243 the target genes, the protein domains and the number of associated CNEs (S1 Table) . however, the CNE cluster between Drosophila and Glossina is absent. The ct locus (Fig 3B) , 269 encoding the cut transcription factor, is one of the best representative cases. Ct plays roles in 270 the later stages of development, controlling axon guidance and branching in the development of 271 the nervous system, as well as in the specification of several organ structures such as 272
Malpighian tubules [34] . In order to locate the CNE clusters missing from Drosophila vs. The genes within those missing CNE clusters are highly enriched for axon guidance and 276 neuronal development (Fig 2B) . We then examine the CNE turnover rate (the speed of replacing 277 elements. We identified 18,025 CNEs with threshold of 100% identity over 50 bp window. 310
Despite the highly fragmented assemblies, we could clearly detect 808 prominent CNE clusters. 311 312 An especially interesting observation is the largest cluster we detected, at the Meis gene locus 313 (Fig 5) . The CNE density clearly marks the boundaries of the CNE cluster. In Metazoa, Meis, 314 one of the most well-known homeobox genes, is involved in normal development and cell 315 differentiation. Tetrapod vertebrates have three Meis orthologs as a result of two rounds of 316 whole genome duplication. The CNE cluster around Meis2 (one of three Meis paralogs arisen 317 by two WGD rounds at the root of vertebrates) is the largest such cluster in vertebrates [19] . 318
Remarkably, the cluster of CNEs around Drosophila's Meis ortholog, hth (homothorax), is also 319 the largest CNE cluster in the D. melanogaster genome [7] . It is currently unknown why the 320 largest clusters of deeply conserved CNEs are found around the same gene in three different 321 metazoan lineages, even though none of the CNEs from one lineage has any sequence 322 similarities to CNEs in the other two. The most plausible explanation is that the ancestral Meis 323 (hth) locus was already the largest such locus in the ancestral genome, and that CNE turnover 324 has led to three separate current lineage-specific sets of CNEs. motif, which is an extended recognition site for the homeodomain DNA-binding module [36] . 337
With CNEr, we can easily verify the existence of TAATTA motif in CNEs of invertebrate species. 338
In S5 Fig A, 
TGTTCCTATAGCTAAAAGCATAAC-GGCTTTGATTACATGCTAAATAGAAT
TGT-ACTTTAGCTAAAA-CATAATAGGCTTTGATTACATGCTAAATAGAAT *** ** ********* ***** **************************
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